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Abstract

Electron-impact ionization and electron attachment cross sections of

radicals and excited molecules were measured using an apparatus that con-

sists of an electron beam. a molecular beam and a laser beam. The informa-

tion obtained is needed for the pulse power applications in the areas of

high-power gaseous discharge switches, high-energy lasers, particle beam

experiments, and electromagnetic pulse systems. The basic data needed for

the development of optically-controlled discharge switches were also invest-

igated in this program. Transient current pulses induced by laser irradia-

tion of discharge media were observed and applied for the studv of electron-

molecule reaction kinetics in gaseous discharges.
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I. Introduction

Gaseous discharges are frequently used in high-power discharge switch-

es. high-energy laser systems, particle beam experiments, electromagnetic

pulse systems, plasma etching and deposition processing of electronic

materials, ion sources, and discharge lamps. Basic electron kinetics data.

such as electron-impact ionization and electron attachment cross sections of

molecules and radicals, are generally needed for pulse power applications.

especially for the development of optically- and/or electron beam-controlled

opening switches. The basic kinetics data are also needed for the modeling

of chemical process in non-discharge plasma. for example, combustion media

in which electrons exist. While stable molecules are extensively studied.

the electron kinetics data for radicals and excited molecules are little

known. This lack of basic information hinders the progress of science and

applications using gas discharges. The fundamental electron kineti.1s data

of molecules, radicals, excited molecules, and ions are being measured in

the current research program under Grant No. N00014-86-K-0558.

Transient current pulses induced by laser irradiation of discharge

media have been observed in our laboratory for various gas mixtures that

contain trace electronegative gases in buffer gas. These transient phe-

nomena could be used to obtain electron-molecule reaction kinetics data and

eventually electron transport parameters involving in gaseous discharges.

The data obtained are aimed for the development of optically-controlled

high-power discharge switches.
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II. Research Accomplished

The research results obtained in the current funding period are summar-

ized below:

A. Electron-Impact Ionization of Radicals

An apparatus that consists of an excimer laser, an electron beam, a

molecular beam. and a mass spectrometer has been constructed to measure the

electron-impact ionization of radicals. The schematic diagram of the

apparatus is shown in Fig. I in the paper attached as Appendix A. The

radicals were produced bv laser dissociation of stable molecules that were

injected into a vacuum chamber through a nozzle. The radicals were than

ionized by energy-resolved electron beams. The ions produced by electron-

impact ionization of radicals are analyzed and detected by a mass spectro-

meter.

Since radicals and excited molecules are chemically active, they exist

only in very short lifetimes. It is difficult to produce sufficient high

concentrations of these reactive species for experiments. This difficulty

makes the measurements of electron-impact excitation cross sections a

challenging task. The measurements are possible by the recent advance of

high-power ultraviolet excimer lasers that can produce sufficient high

concentrations of radicals by photodissociation of molecules. As an ex-

ample. the electron-impact ionization cross section of the CH3 "jaical has

been measured in this program. The CH3 radicals were produced by excitation

of CH3 OH with ArF excimer laser photons (193 nm). Similar experimental

results were obtained using other CH3 radical sources, for example, photo-

dissociation of CH3CI. (CH3)20. and (CH3)2CO. The photoabsorption cross

sections of the molecules that can be used for the CH3 radical sources are

reported in a paper attached as attached as Appendix B. The cross section
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for the production of CH3+ by electron-impact ionization of CH3  was

measured attbe Jet Propulsion Laboratory, and was used to calibrate the

detection efficiency that converted the measured CH3+ "
3on signal into

absolute ionization cross section of CH The results have been reported in

more detail in the paper attached as Appendix A.

B. Electron-Impact Ionization of Excited Molecules

Molecules in a discharge medium could be excited by electron-impact to

produce excited molecules, radicals, as well as positive and/or negative

ions. Excited molecules are abundant in gaseous discharges. and play

important roles in determining discharge characteristics. Electron excita-

tion cross sections of excited molecules are thus important for theoretical

modeling of discharge processes.

Similar to radicals, the data for excited molecules are little known.

Excited species are chemical active, and their lifetimes are short: thus, it

is difficult to measure their electron-impact excitation cross sections.

The flux of excimer lasers _s now so intense that they can be used to

produce sufficient concentrations of excited molecules for cross section

measurements. As an example, the electron-impact dissociative ionization

process of excited N2 was investigated in this research program using the

apparatus constructed for the study of radicals. The N2 molecules were

excited into the A 3Z + metastable state by ArF laser photons. and thenu

dissociativelv ionized by electron beam. The dissociation products were

analyzed and detected by a mass spectrometer. The experimental results are

described in more detail in a paper attached as Appendix C.

C. Electron Attachment to Molecules in Discharges

Current switching by laser irradiation of DC discharge media has been

observed in our laboratory. Discharge current increases immediately after

C012590) 6



the laser pulse, and then decreases below the DC level before recovery-. The

current increase is due to photoelectrons produced by laser photodetachnent

i3

of negative ions. The current could increase by a factor of about 10s

which is equal to the ratio of electron drift velocity to negative ion drift

velocity. The current decrease is likely due to electron attachment to

radicals and/or excited molecules produced by laser irradiation of molecules

in discharges. Since current switching is useful for the development of

optically-controlled discharge switches, further studies of the electron-

molecule reaction kinetics in discharges are of interest.

The current increase. &I. is proportional to the negative ion density.

ne. photodetachment cross section. ad d laser power. I h and electron drift

velocity. v d. namely.

AI =C n ead I v d (1)

where C is a constant that includes the geometry factor and detection

effic iencv.

The negative ion density is an important factor in determining the

magnitude of current switching. However, the densities of negative ions in

discharge media that contain halogen compounds are not well studied. In the

present experiment, negative ions are produced by electron attachment to

electronegative gases mixed in a buffer gas. The production rate of a

negative ion is determined by the electron attachment rate constant and the

production yield for the ion. The electron attachment rate constants have

been measured in our laboratory for many electronegative molecules, even

though additional molecular data are still needed. As an example. the

electron attachment rate constant of BC13 was measured in this research

program. and the results are described in a paper attached as Appendix D.
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An apparatus has been constructed to study the production mechanisms

and to measure the concentrations of negative ions in discharge media as

shown in Fig. 1 of Appendix D. The apparatus that consists of a mass

spectrometer. an excimer laser, and a differential pump station was funded

by the DOD Instrumentation Program. The negative ions produced by hollow-

cathode discharges of trace electronegative molecules in a buffer are

extracted to the mass spectrometer through a skimmer hole. This apparatus

has been tested bv analvzing the negative ions produced in the discharge

medium of BCl 3 in N The results are described in more detail in the paper

attached as Appendix D. which has been accepted for publication in the

Journal of Applied Physics.

D. Laser Detachment of Negative Ions in Discharges

Techniques for measuring the negative ion concentrations and other

electron transport parameters (electron and ion drift velocities, electric

fields, electron energy distributions. etc.) are being pursued. This

information is needed for the theoretical modeling of discharge processes

and for practical applications in the design of discharge switches: however.

techniques for measuring these parameters are not well developed, and they

are being investigated in this program. The results are described in detail

in a pappr attached as Appendix E.
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methanes by Vacuum Ultraviolet." L. C. Lee and H. Suto, Chem. Phvs.

114. 423 (1987).

2. "Laser-Induced Current Switching in Gaseous DLscharges," L. C. Lee. W.

C. Wang. and D. P. Wang. presented at the meeting of "Space Structufcs.

Power. and Power Conditioning," Proceedings of SPIE. kol. 871. 121

(1988).

3. "Electron Kinetics and Optical Diagnostics for Plasma-Assisted Material

Processing," L. C. Lee. presented -t the workshop on New Directions in

Plasma Engineering. University of California. Berkeley. California.

June 9-10. 1988.

4. "Electron Kinetics and Spectroscopic Data of Molecules Important in

Plasma Processing of Electronic Materials," L. C. Lee. presented at the
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Lee. presented at the Pulse Power Workshop, University of Rochester.
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Proc. 88. 267 (1989).
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Media," L. C. Lee. J. C. Han. and M. Suto, Abstract in the Sixth

International Swarm Seminar. Webb Institute. New York. August 3-5.

1989.

11. "Negative Ion Kinetics in BC13 Discharges," Z. Lj. Petrovic. W. C.

Wang. L. C. Lee. J. C. Han. and A. Suto. presented at the Sixth Inter-

national Swarm Seminar. Webb Institute, New York. August 3-5. 1989.

12. "Low Energy Electron Attachment to BC1 3" Z. Lj. Petrovic. W. C. yang.

H. Suto. J. C. Han. and L. C. Lee. J. AppI. Phvs. in press (1990).

13. "Fluorescence from VUV Photoexcitation of Molecules," Invited Talk.

presented at the 1989 International Chemical Congress of Pacific Basin

Societies. Honolulu. Hawaii, December 17-22. 1989.

14. "Cross Sections for the Production of Positive Ions by Electron-Impact

on Methyl Alcohol." E. Krishnakumar and S. K. Srivastava. to be sub-

mitted to Phvs. Rev. A (1990).

15. "Transient Signals Induced by Laser Irradiation of Negative Ions in

Hollow Electrode Discharges of Cl2 and HC1 in N 2" J. C. Han. M. Suto.

L. C. Lee. and Z. Lj. Petrovic. to be submitted to J. Appl. Phys.

(1990).
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Volume 152. number 6 CHEMICAL PHYSICS LETTERS 25 November 1488

ELECTRON-I.MPACT IONIZATION OF CH, IN 10-22 eV

D.P. WANG. L.C. LEE'
Departmeont , Eic(trica r ana _,mPutwr Enqtneertni. San Diezo State L nittervtv. San Dieqo ( 92 2. L S I

and

S.K. SRIVASTAVA
Jii Piopiiston Lahoratory. ( ".l/ifornta Iizst utte of Technoloqv Pasaaena. C.A Q1109 S-

Received S -ugust 1988 i final form lb September 1988

\Ieth\l radicals tH,, ) ".ere produced b. phoiodissociaion Uf CHAGH ,xh -rF ec~,mer laser photons at !93 nm. Electron-
.mpact ionization cross sections of CH, \kere measured at electron energies from ionization tnreshold 19 84eVI to 14 eV The
electron-impact ionization cross sections for dissociation o CH ,OH into 'artous fragment ions at O0eV are also reported n this
paper

I. Introduction 2. Experimental

Radicals are abundant in discharge media that are 2.1. .4paratus
mainly produced by electron-impact dissociation of
stable molecules. Electron-impact ionization cross
sections of radicals are the most fundamental data The experimental apparatus is shown in fig. I. The
needed for understanding the radical chemistry in apparatus consists of an electron beam, a molecular
gaseous discharges. However, the data for radicals beam nozzle, an excimer laser (Lumonics-510). a

are sparse because of experimental difficulty. This mass spectrometer (Extrel) and a vacuum chamber.
The vacuum chamber was a cross of 10 in. outer di-paper reports the measurement of CH3. The data are

needed for modeling gaseous discharge media con-
taming methyl compounds, which are frequently used [So e,,o,d 
for the CHI radical sources in diamond film depo- Electron
sition and for the study of fast gaseous discharge S r n E c i'mr
switches as well.Ine

In the current experiment, the CH 3 radical was
produced by photodissociation of CH3OH by ArF
excimer laser photons at 193 nm. CHI was then ion- ,,cro.
tzed bv electron impact. The electron-impact ioni- C i! .ti..
zation cross section was determined by comparing .ucid rOJos

the CH? ion intensity observed from electron im- 'A/ SS ten

pact of CHI with that of CHOH. Turbomolecular\
PumpD Y Vacuum e
i s 1/s -I- Chamber

Also at the Department of Chemis? . San Diego State Univer-
sits. San Diego. CA 9.182. A Fig. I. Schematic diagram otfapparatus.

0 009-2614/88/$ 03.50 © Elsevier Science Publishers B.V. 513
(North-Holland Physics Publishing Division)
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ameter that was pumped by a 1500 Q/s turbomolec- sure. This pressure gradient was determined by
ular pump (Balzer TSU-1500). The electron beam measuring the ion signals produced by admitting the
was produced by an electron gun for which the de- gas through the molecular beam nozzle and through
sign was described before (I ]. The electron beam a side gas inlet that provided the same background
was confined by a magnetic field generated by a so- pressure. The CHOH vapor was obtained from
lenoid. The cross sectional area of the electron beam methanol (with purity of 99.9%) which was purified
was about I mm in diameter. The electron beam was by liquid nitrogen.
extracted from a hot filament by applying a pulse
voltage to the electron extractor. The molecular beam 2.2. Data acquisition procedure
produced by flowing CH 3OH through a stainless steel
nozzle which was 1.0 mm inner diameter and 4.0 mm The time sequence for laser pulse, double electron
long. The molecular beam crossed the electron beam beam pulses and counter gates are depicted in fig. 2.
at 90'. The cross sectional area of the laser beam was The laser pulse ( 10 ns duration) served as the time
1.19 x0.40=0.476 cm (the short side in vertical), reference (t=0). rhe electron beam pulses of du-
and passed the electron-molecule interaction region ration. t,, had a delay time, ted, from the laser pulse
in a direction perpendicular to the electron beam. and a separation time. t,,. A two-channel counter was
The laser beam entered the vacuum chamber through used with a duration of it for each gate. The delay
a MgF, window, and the laser power was measured time. t, and the separation time. t., of the counter
by a power meter (Scientech). The ions produced by gates could be set differently from the electron beam
electron-impact ionization were extracted by an elec- pulses. tcd was set slightly longer than td, and t,, was
tric field in the direction perpendicular to both the nearly equal to t, of about I ms. The CH3 radicals
electron and the laser beams. The extraction electric produced by laser excitation were subsequently ion-
field was established by two wire meshes separated ized into CH + by the first electron beam pulse. The
10 mm. The electron beam propagated along the ionization threshold of CH1,-CH" +e is at 9.84 eV
central line between them. The extracted ions were [2]. The CH ions were counted by the channel A.
accelerated to 300 V and were then focused into the CH3 can also be produced by dissociative electron-
entrance of the quadrupole mass spectrometer. The impact ionization of CHOH if the electron energy,
ions were detected by a channeltron. E,, is higher than the threshold for dissociative ion-

The output pulses from the channeltron were am- ization of CH30H at 13.5 eV [3]. The channel A
plified and counted by a 200 MHz photon counter could include two signals - one from electron-impact
system (Stanford Research System SR400). The fast ionization of CH3 and the other from dissociative
photon counter was controlled by a microcomputer, ionization of CHOH. The second electron pulse was
which was also used to accumulate and to analyze far away from the laser pulse so that the radicals were
the data. The counter gates. the excimer laser, and pumped away from the interaction region. and the
the electron beam pulses were triggered by a pulse
generator (Hewlett-Packard) that provided double LASER

pulses with varied delay times. A multichannel scaler
(Canberra) was also used to accumulate the ion sig- Te To

nals as a function of time. I

The pressure in the vacuum chamber was moni- E-SEAM

tored by a cold cathode gauge installed about 50 cm - Ted Te.

from the electron-gas interaction region. The ulti- Tc Tc

mate background pressure was about 3 x 10-1 mbar. F A7 'jICOUNTER

and the gas pressure, typically used in the experi- K AC T

ment, was in the 10' mbar range as measured by Ted - tcs

the cold cathode gauge. The gas pressure in the beam TIME

interaction region was measured to be about two or- Fig. 2. Time sequence for laser pulse. double electron beam pulses,

ders of magnitude higher than the background pres- and counter gates.
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signal of channel B is only due to electron-impact where K is a constant including ion extraction effi-
ionization at CHOH. The .difference between chan- cency and ion detection efficienc .o is the elec-

nels A and B represents the signal due to electron- tron-impact ionization cross section. .V is the number

impact ionization of CH,. of electrons per unit area per electron pulse. n, is the

radical concentration. and the integral is carried over
3. Results and discussion the overlap region of the electron beam. laser beam.

and molecular beam.
3. The radical concentration can be determined from

the laser flux. ,, and the CHOH concentration. r..

The CH,* ion intensity was observed by channel by

A at varied delay time from laser pulse. The CHI' n, =loran 0 , (2)
ion intensity in the first 200 Is is larger than the where a is the cross section for photodissociation at
background observed at long delay time. The addi- CHOH into CH 3+OH at 193 nm. The validity of
tional laser-enhanced ion intensity is produced by ths in is +ndet he vat oa

electron=mpact ionization of CH, and/or CHOH this calculation is under the assumption that nc and
in electronically excited states. Since the photoab- 1. are uniform over the interaction volume. Since the• interaction volume is quite small. this assumption is
sorption cross section of CHOH around 193 nm is
a continuum [4], laser excitation of CH;OH mainly reasonably good.
leads to dissociation, that is. the enhanced signals are
mainly due to dissociation products. CH). N, =K, 1| .V , d V. (3)

The decay time of the enhanced signal represents f

the time that the CH, radicals exist in the electron This equation shows that the CH , ion intensity
beam region. A( the exit of the molecular beam noz- is proportional to laser power, electron beam cur-
zle, the molecular flow velocity in the electron beam rent, and gas pressure. This assertion was tested by
region could be of the order of 10'-10' cm/s. The measuring the laser-enhanced signal as a function of
time spent by slow radicals in the laser beam region these parameters. The results are shown in fig. 3. The
is thus expected to be of the order of few hundred ". data were measured with the time vanables of t, = 300
The observed decay time (about 200 ts) of the en- )is, td = 2 lis. t,, = 1.0 ms, t, = 400 .is, t, = 20 ps. and
hanced signal is consistent with this expectation. A t,.,=960 gis. For the pressure dependence shown in
fraction of the radicals produced by photodissocia- fig. 3a, the electron energy was 13.0 eV. the electron
tion could carry high kinetic energies, depending on beam current was 75 nA averaged over 30 double
the potential surface that the dissociation process pulses, and the laser flux was 30.0 mJ /cm- per pulse
takes place. The exothermicity for photodissociation at 30 Hz. For the electron beam current dependence
of CHOH into CH3 +OH at 193 nm is about 2.4 eV. shown in fig. 3b, the electron energy was 13.0 eV. the
A fraction of the radicals could acquire translational gas pressure was 4.0 X 10- ' mbar. and the laser flux
energy from the exothermic energy such that the rad- was 31.0 mJ/cm2. For the laser flux dependence
icals have high velocity. These fast radicals could shown in fig. 3c, the electron energy was 15.0 eV. the
move away from the electron beam region in a short gas pressure was 1.1 x 10-' mbar, and the electron
time such that they are not detected. beam current was 645 nA. As expected, the laser-en-

hanced CH3" ion intensity depends linearly on gas
3.2. Dependence of ion intensity on gas pressure. pressure, electron beam current, and laser flux. Those
electron current, and laser power results support the assertion that the laser-enhanced

The CH,' ion intensity from ionization of the CH, signal is due to electron-impact ionization of CH,.

radical by each electron beam pulse is given by 3.3. Electron-impaci ioni.ation function of CH,

.V, = Ka, V,.n, dV, () The CH, ion intensity was measured as a func-
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(a) A B

0 --

____ ____ ____ _ ,,

10 0 20

PRESSURE (10
- 7 

mbar) Z
04o 04, -

- ' b * 1-(u) A-B; (b) (b A-

zM 1

0 500 0
10 20

ELECTRON CURRENT ( nA)
I ELECTRON ENERGY (eV)

10 ~Fig. 4. (a) CW ion intensities measured bv channels A and B as
a function of electron energy. (b) The difference between the sig-
nals of channels A and B.

at electron energy higher than 15 eV. because both
channels A and B have large signals and their sta-

0oo 20 tistical uncertainties become high.
LASER FLUX (mJIcm

2
)

Fig. 3. Laser-enhanced CH" ion signals as a function of (aI gas 3.4. Electron-impact ionization cross sections of
pressure. b ) electron beam current, and (c) laser flux. CH3 and CHjOH

tion of electron energy as shown in fig. 4. The time The absolute electron-impact ionization cross sec-
variables were set at t,=300 pIs, t= 

2 ts, tc,= 1.0 tion of CHI can be determined by comparing the
ms. t, = 400 is, t.d = 20 lis, and t ,= 960 Its. The av- CH3 ion intensity observed from electron-impact
erage laser flux was 29.9 mJ/cm2 each pulse. The av- ionization of CH 3 with other systems. for which the
erage electron beam current was 540 nA, and the gas cross sections are known. The dissociative electron-
pressure was 1.6X 10-' mbar. impact ionization of CH3OH,

As shown in fig. 4a, channel A has a constant sig-
nal more than channel B at electron energy lower than e+CH3OH-.CH3" +OH+2e, (5)
10 eV. This additional signal is due to multiphoton is chosen for the calibration. This system has the fol-
dissociative ionization of CH 3OH by laser photons. lowing advantages: (i) same CH 3 is detected so that
.kt electron energy higher than 10 eV, the signal of
channel A increases systematically with increasing (ii) CH 3OH is the parent molecule of the radicals so

electron energy. Channel B starts to show significant that their spatial distribution in molecular beams are

signal at about 14 eV. The difference between A and similar.

B is shown in fig. 4b, which represents the relative The CH ion intensity produced by process (5)

ionization cross section for the process is given by

e+CH,-CH* +2e. (4) No =K" ja N, no dV, (6)

The fluctuation of the data shown in fig. 4b is high
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where K' is a constant that includes the extraction 40

efficiency and the detection efficiency, and a, is the U e + CH 3  CH;+ 2e
electron-impact ionization cross section for process 3
(5). '

The ratio of V, and N,, shown in eqs. (3) and (6) z

is thus equal to 0 20 -

.,/N,, = KI.aa/K'a) , (7)

or O

o,.= ( /.V) (K'/K) a, /I a,, (8) 0 .. 4

0 1
K'/K ,()8 10 12 14

where the spatial distributions of both CH 3 and ELECTRON ENERGY (eV)

CHOH are assumed to be the same. Fig. 5. Electron-tmpact ionization cross section ofCH, asa iunc-
The radical ionization cross section can thus be tion of electron energy.

determined from thc ion signals, the laser flux, and
other parameters that are predetermined. The K' and CH 3OH into various ion fragments were measured
K may be different due to different extraction effi- by the apparatus at the let Propulsion Laboratory
ciencies of the CHI ions that carry different kinetic [5]. The data at 100 eV are listed in iable . The
energies. This difference is compensated by adjust- total ionization cross section. Ur. which is the sum
ing the extractor voltage, which was set at 8 V so that of all partial cross sections, is 4.70 x 10- ,' cm-. This
the extraction efficiencies for both systems were is in good agreement with the value of 4.6x 10-b
nearly in the saturation level. Under this condition, cm- measured by Duri6, Cadez and Kurepa [6].
we assume that K' is equal to K. The photoabsorp- Based on the above parameters as well as the mea-
tion cross section of CHOH at 193 nm is sured ion signals and laser fluxes, the cross sections
a, = 3.0x 10- ' cm- [4]. The absorption is a dis- for the electron-impact ionization of CH3 are shown
sociative process that may mainly lead to CH 3 +OH. in fig. 5. The experimental uncertainty due to the
The electron-impact ionization cross sections of statistical fluctuation is less than 7%. The system-

atical error is difficult to determine, however, it is
Table I estimated to be within a factor 2 of the given value.
Electron-impact ionization cross sections of CHOH at 100 eV The assumption that the spatial distribution of CH3

Ion species Cms setion radicals is the same as that of CH.IOH may cause a
(0- cmi) large uncertainty. Since the energy distribution of the

CHOH' 113.16 CH 3 radicals depends on the method of radical pro-
CHOH 154.70 duction, the cross section obtained in this experi-
CHOH 12.35 ment is only an "apparent" value. It is of interest to
CHO* 93.45 compare this measured cross section with the values
CO* 11.68 measured by other CH3 sources. The current cross
H,O* 0.49 section of CH 3 is comparable with that of CD1 mea-
H,O 2.88 sured by Baiocchi et al. [71 using a fast in beam for
OH' 2.02
0. 1.20 the radical source.
CW 40.01
CH. 6.50
CH* 0.27
CH 0176 4. Concluding remarks

HW 28.74
H 0 85 The electron-impact ionization of CH, is investi-
total (a,) 47006 gated in the 10-22 eV region. The absolute ioniza-

tion cross section in electron energy 10-14 eV is
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determined by companng the CH, ion intensity [ZIG. HerzbergandJ. Shoosmith, Can. J Phs. 34 (1956 523.

from electron-impact ionization of CH 3 with that of F A. Edder. C. Giese. B. Steiner and M. Inghram. J Chem.

CHOH. The electron-impact ionization cross sec- Phys. 36 1962) 32
W A. Chupka and C. Lifshitz. J, Chem. Ps. .48 ( 1968) 1 (A

tions for dissociaton of CHOH into various ion J M. \Whams and W H Hamill. J Chem Phs. 49 1 1,68 1

fragments at I00 eV are also reported. 4467:

F P. Lossing and G P Semetuk. Can J Chem. ;8
455:
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FLUORESCENCE YIELDS FROM PHOTODISSOCIAT1VE EXCITATION
OF CHLOROMETHANES BY VACLUM ULTRAVIOLET RADIATION
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The photoabsorption and fluorescence cross sections of chloromethanes Aere measured in the Ib5-220 am region using
synchrotron radiation as a light source. The fluorescence threshold for CC', is at 152 am with a nmaz irld of 3% at 113
nm. The fluorescence results from the CCI, -Xi system. For CHCI 3. the fluorescence thrhold is at 155 nm with a
maxjmum yield of 0.6% at 110 nm. For CH 2CI,. the threshold is at 137 nm with a maximum yield o" 033% ai 107 Tm. The
fluorescence yield of CH 3CI is very small with an upper iimnt of 0.02%. The phctodis_: ,akon processes are discussed in
accord with the fluorescence data observed. Vibratonaj structures in CHCI, and CH3CI2 are observed and classified into
progressions.

I. Introduction sections and quantum yields reported here are
new results.

Fluorescence from vacuum ultraviolet kVUV)
photoiysis of CC14 was recently observed and
identified to be the CC12(,'B',1 -kA) system 2. Expmimead
[1]. The fluorescence excitation spectrum was re-
ported [11, but the fluorescence cross sectioa and The experimental arrangement has been de-
quantum yield were not measured. It is of interest scribed in previous papers [6.7]. In brief, synchro-
to measure the quantitative data, because they are tron radiation produced from the electron storage
important for understanding photodissociation ring at the University of Wisconsin was dispersed
processes as well as for practical applications. For by a I m Seya vacuum monochromator. The ab-
example, the production yields of atomic Cl from sorption cross section was measured by the at-
photolysis of chlorine compounds are of interest tenuation of light source by molecules tn a gas cell
in the study of atmospheric and intersteller chem- of 39.2 cm path length. The experimental uncer-
istry and in the chemical etching of semiconductor tainty for the absorption cross section is estimated
materials. Photolyses of chioromethanes could be to be within 10% of the given value. The VUV
sources of CH. (x - 1-3) radicals. light intensity was measured by a combination of

The absolute cross sections for photoabsorption sodium salicylate coated on a window and a pho-
and fluorescence of chloromethanes (CCI, tomultiplier tube (PMT). The fluorescence was
CHC13, CH 2CI 2 and CH 3CI) were measured using observed in a direction perpendicular to the light
synchrotron radiation as a light source. The ab- source by a PMT (EMI 9558QB), for which the
sorption cross sections are used to compare, with response was about constant in the 180-400 nm
previous values [1-5] that are somewhat con- region and then gradually decreased to nearly zero
troversal [1]. The quantitative fluorescence cross at alkout 800 nm. The absolute fluorescence cross

section was obtained by comparing the fluores-
Also at: Department of Chermstry, San Diego State Univer- cence intensity with the OH(A-X) fluorescence
sity. San Diego, CA 92182. USA. produced from photodissociative excitation of

0301-0104/87/$03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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H.O, for which the fluorescence cross section is
known [6,71. The PMT response was not corrected
in the absolute fluorescence measurement. The
fluorescence cross section could be higher than the Z. -i .2

given value by a factor of two, if the correction for - -
the PMT response is made. 0- -

Liquid CCI was supplied by EM Industries " . -
with a stated purity of better than 99.9%. Liquid . " ...

CHCI 3 and CH,Cl, were supplied by Fisher Sci- 20 .0 C
entific with purities of better than 99.7% and z ___T

99.9%. respectively. These liquids were degassed ,
by cooling down to solid with liquid N2 . The - /
samples were repeatedly purified such that the -/'
absorption due to possible impurities, such as 0. .
was not observed in the absorption spectra. CHC1
was supplied by Matheson with a purity of better
than 99.5% and was used in the experiment asEe r-

delivered. Fig. 1. Photoabsorpton ( ) and fluorescence I---) cross
sections of CCI, measured with a monochromator resolution

of 0.2 rnm.

3. Results and discussion
yield starts at 152 rm. increases to a plateau of

3.1. CCI, about 1% at 130 nm, and then reaches a maximum
of about 3% at 113 nm.

The absorption cross section of CC14 in the The fluorescence yield is a measure of the inter-
105-220 nm region is shown in fig. 1, which was action strength between the initial excited state
measured with a monochromator resolution of 0.2 and the repulsive state that produces the emitting
nm. The absorption bands have been assigned to species. The vertical energy of the repulsive state
Rydberg states as discussed by sevral mvesup-
tors (3,81, and the assignment given by Robin (8] is
indicated in fig. 1. The discrepancy betvw the 3h /--
earlier absorption data has been pointed out by 2k!

Ibuki et al. [11. The current result agrees within KI

experimental uncertainty with the data of Russell h
et al. [3] in the 110-200 nm region, but it is higher __ __,_, _, _,____-_

than the data of Ibuki et al. by about 40% in the 06-

110-135 nm region. o .1
The cross section for the production of fluores-

cence from photodissociative excitation of CCI, is 0.-

shown in fig. 1. The fluorescence was observed
simultaneously with the absorption measurement.
The fluorescence has been attributed to the 0A C CC) 2  "
CCI 2 (A-X) system [1]. The structure shown in the 1
fluorescence cross section is very similar to that of 0 , ,
the absorption cross section. WA0 120 30 0 60

Thefluresenc yildwhih i deine astheWAVLENTH (mm

The fluorescence yield, which is defined as the Fig. 2. Fluorescence quantum yields of (a) CCI 4. (b) CHCI3 .
ratio of fluorescence cross section to absorption and (c) CH C2 . The calculated thresholds for the dissociation

cross section, is shown in fig. 2a. The fluorescence processes that produce CC12 (A-R) fluorescence are indicated.
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can be determi~a from the wavelength at the
maximum fluorescence yield. The first repulsive 80

state, which has a maximum fluorescence yield at
128 nm (vertical energy of 9.7 eV), may dissociate _ 'n
into CCI2(A) + Cl 2. The threshold wavelength for - / .
this process is at 224 nm. The second repulsive 0 .

state, which has a maximum fluorescence yield at
113 nm (vertical energy of 11.0 eV), likely dissoci- 'X ,

ates into CC12(A) + 2CL. The threshold for this OF- -, ._.. . ...
process is at 155 nm. The threshold wavelengths 20 '.C
are calculated using the heats of formation for
CCI, CCI2 , and Cl of -22.42, 56.7, and 28.587 4

kcal/mol, respectively [9,10], the dissociation en- k. \
ergy of D0(CI-CI) = 2.479 eV [11], and the excita- 2

tion energy for the CCI 2(A 1B1(O, 0, 0) -- - \, -

XA 1(0, 0, 0)) transition of 2.1 eV [12]. iL . . ..6O '80 200 :20
WAVELENG'-. r'm)

3.2. CHCI3  Fig. 3. Photoabsorption ( - ) and fluorescence (.--) cross
sections of CHCI 3 meaured with a monochromator resolution

of 0.4 nm.
3.2. 1. Photoabsorpton

The photoabsorption cross section of CHCI3 is
shown in fig. 3, which was measured with a mono- berg formula.
chromator resolution of 0.4 nm. The current result
is generally higher than the data of Russell et al. v =Po - 109737/n * ,  (1)
[3] by about 25%, and significantly higher than the where v0 = 93560 cm- is the threshold potential
data of Lucazeau and Sandorfy [2]. energy of the 2 E ion state [13.14]. The effective

The absorption bands of CHC13 have been quantum numbers, wavelengths, wave numbers,
previously assigned to Rydberg transitions [3,8], and vibrational frequencies for the tentatively as-
and the assignment given by Robin [8] is indicated
in fig. 3. In addition to the broad absorption
bands, weak vibrational structures were observed 7 6 5

in the absorption spectrum. The absorption spec-
trum measured with a monochromator resolution
of 0.04 nm is shown in fig. 4. The first vibrational
progression is superimposed on the 3e -- 4p Ryd- 3-:,

berg transition, indicating that the vibrational pro-
gression may be a member of the Rydberg series
converging to the 2 E ion state of CHCI3 . The ,
absorption spectra for the D(la 2 - 4p) and X(3e
-. 4p) Rydberg transitions are very similar to the
photoelectron spectra of the 'A2 and 2 E ion states
of CHCI [13,141. This similarity further suggests ' 20 30 36

that the first level of the vibrational progression at
136.61 nm likely converges to the threshold of the AVLNr136.61 on stiel hconvegs ato t.6e thr s d on h Fig. 4. Photoabsorption spectrum of CHCI, measured with a2 E ion state which is at 11.6 eV [13,141. Based on monochromator resolution of 0.04 rim. The wavelength posi-

this assumption, the effective quantum number for lions for the vibrational progressions of tentatively assigned

the Rydberg transition is calculated by the Ryd- Rydberg senes are indicated.
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signed vibrational progressions of other Rydberg sorption cross section. The result is shown in fig.
members are listed in table 1 as well as indicated 3. The fluorescence cross section is used to calcu-
in fig. 4. The wavelength is calibrated against the late the quantum yield as shown in fig. 2b. The
known absorption spectra of CH 3Cl [15] and HO fluorescence yield starts at 155 nm, and then
[16] which were measured in the same experiment, reaches two maxima of 0.1% and 0.6% at 146 and
The uncertainty for the wavelength calibration is 110 nm. respectively. The first band likely corre-
estimated to be 0.1 nm for the absolute value and sponds to a repulsive state (with a vertical energy
0.02 nm for the relative value, of 8.5 eV) that dissociates into

As listed in table 1, the average frequency for -t CHCI3 -+CC12 ( ) + HCI. 12_)
the vibrational progressions is about 410 cm

This value is close to the v 3 frequency (CCI 3  The threshold wavelength for this process is 268
symmetrical deformation mode) of the ground nm, where the heats of formation of - 22.019 and
state of CHCI 3 (363 cm - ) [17,18]. As shown in -23.49 kcal/mol for HCI and CHCI 3 [9,104, re-
fig. 4, each vibrational band has a double peak spectively. are used for the calculation.
with a frequency separation of about 120 cm- The second fluorescence band likely corre-

sponds to a repulsive state (with a vertical energy
3.2.2. Fluorescence of 11.3 eV) that dissociates into

The cross section for the production of fluo-
rescence from photodissociative excitation of CHCI 3 -. CC12 (1,) + H + Cl. (3)
CHCI 3 was simultaneously measured with the ab- The threshold for this process is 137 nim, where

the dissociation energy of D0(H-CI) = 4.434 eV
[11) is used for the calculation. The calculated

Table 1 threshold wavelength coincides very well with the
The effective quantum numbers, n, wavelengths, X, wave observed threshold as i rig. 2b.
numbers, P,. and vibrational frequencies, lap, for the tenta-
tively assigned vibrational progressions of the Rydberg
converging to the 2 E ion state of CHCIl 3.3. CHci,
n n. V X (nm) A' (cm) AF (cm - ')

4 2.32 0 136.61 73201 404 3.3.1. Photoabsorption
1 135.86 73605 436 The photoabsorption cross section of CH 2C! 2
2 135.06 74041 541 measured with a monochromator resolution of 0.2
3 134.08 74582 403 nm is shown in fig. 5. The current result agrees
4 133.36 74985 43
5 132.42 75517 432 very well with the data of Russell et al. [3]. The407
6 131.71 75924 absorption bands in the 130-200 nm region have

5 3.29 0 119.84 83444 420 been assigned to Rydberg transitions [3,8]. The
2 119.24 83864 410 assignment given by Robin [81 is indicated in fig.
2 118.66 84274 422 5.
3 118.07 8469 403 Vibrational structure appears in the absorptionspectrum at wavelengths shorter than 145 nm. An

4.32 0 114.05 87681 432 attempt to classify these absorption bands into
1 113.49 88113 430 Rydberg series is not successful, instead, six vibra-2 I12.94 8854340

3 112.42 88952 41 tional progressions are classified as shown in fig.
4 111.89 89373 421 6, which was measured with a monochromator

7 resolution of 0.04 runm. The wavelengths, wave5 110.06 9041 411 numbers, and vibrational frequencies for the

2 110.54 90464 423 tentatively classified vibrational progressions are

0 93560listed in table 2. The vibrational progressions I
and II have been observed by Zobel and Duncan
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. .. the v, frequency (CH, twisting mode) of the
-H212 - z ground state of CH 2 Cl2 (1153 cm 1) [181.

z -0.2 3.3.2. Fluorescence
. i , "-" o The fluorescence cross section of CHCI..

- - I which is simultaneously measured with the ab-

" "Table 2

I Wavelengths. . wavenumbers. v. and vibrational frequencies
'20 !40 60 . Av. for the tentatively assigned vibrational progressions of

Z CHCI2

Progression u A (nm) Vcm Av (cm-

bI 0 143.00 69930
1 141.59 70626 696
2 140.31 71270 644

3 71890 620- 3 139.10 71890 62160 .4 13772 72611, t i 676
o80 200 5 136.45 73287 66

WVAVEL.ENGTH nr) 6 135.23 73948
1 133 WI 74644 696

Fig. 5. Photoabsorption (- ) and fluorescence (---) cross 8 132.76 75324 6S0
sections of CH 2 CI2 measured with a monochromator rsoiu- 9 131.58 75999 675

tion of 0.2 nm.
11 0 138.43 72239 '06

1 137.09 72945 687
2 135.81 73632
3 134.53 74333 70[19]. The progressions I. II, and VI have an aver- 4 13329 75024 691

age vibrational frequency of about 680 cm - ', 682
which is close to the V3 frequency (CCI2 symmet-
rical stretching mode) of the ground state of 111 0 126.79 78871 1065CHT2C! (717 cm -  181. he vibrational progres- 1 125.10 79936 879

CI1C1 71 m1  18.2 123.74 80815 15
sions III, IV, and V have an average vibrational 3 122.14 81873 1058
frequency of about 1000 cm - 1 , which is close to 4 120.60 82919 1046

IV 0 126.35 79145
1 124.40 80386 121

2 122.99 81307 921977
_ ic- 11 .. 3 121.53 82284 869

Z - - -v I 4 120.26 83153

V 0 125.82 79479
- 1 124.11 80574

- 2 122.56 81593 1019

z 3 121.10 82576 983

_ VI 0 116.81 85609
'-1 115.89 86289 680

2 114.93 87009 70

0C 120 30 !40 3 114.01 87712 658

WAv.ENC.TH (,m 4 113.16 88370 68
685

5 112.29 89055 712
Fig. 6. Photoabsorption spectrum of CH2CI measured with a 6 111.40 89767 7
monochromator resolution of 0.04 nm. The wavelength posi- 7 110.59 90424 657
tions for the tentatively assigned vibrational profgressions are 8 109.81 91066 642

indicated.
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sorption cross section, is shown in fig. 5. The 3.4. CH3CI
fluorescence yield determined from the fluores-
cence cross section is shown in fig. 2c. Sirmilar to The absorption cross section of CH3CI mea-
CCI, and CHCI, the fluorescence yield shows sured with a monochronator resolution of 0.04
two bands with maxima of 0.06% and 0.35% at nm is shown in fig. 7. The current Tesult agrees
131 and 107 nm. respectively. The first band likely with the data of Russell et al. [31 within experi-
corresponds to a repulsive state (with a vertical mental uncertainty. The absorption bands have
energy of 9.5 eV) that dissociates into been assigned to Rydberg transitions by several

investigators [38,15.211. The assignment given by
CH2 C12 - CCI:(,) + H2. (4) Robin [81 is indicated in fig. 7. The sharp absorp-

tion bands have been classified into Rvdberg seriesThe threshold of this process is calculated at byHcm netl.2'.
226 nm, using heat of formation of - 21.19 by Hochmann et al.[211.
226m uingha for m of 9,101. 21.19 calculatedThe relative cross section for the production of
kcal/mol for CH CI2 [9,0. Tis calculated fluorescence from photodissocialive excitation of
threshold wavelength is much longer than the CH3CI is shown in fig. 7. where the data were
fluorescence threshold wavelength observed at 137 masedwtarsouinf0.n.Thupr

nm. measured with a resolution of 0.7 rim. The upper
Tbc lirt for the fluorescence cross section is estimatedThe econd band likely corresponds to the pro-

cess

CH,Cl - CCIl()+ 2H, (5) '___

for which the threshold wavelength is 125 nm, 5C ,
where the dissociation energy of H2 (4.411 eV '".
[111) is used for the calculation. The calculated . .

threshold for this second fluorescence band coin- .S

cides with the observed threshold as shown in fig.
2c. The wavelength for the maximum yield of this j ,
band may occur at a wavelength shorter than 106 1

The CH'(bB-, rAI) emission, which has been

observed from the photodissociative excitation of \
CH 4 [20], may be produced from the photoexcita- z 0 J
tion process 0 125 30 ,35 ",0

CH 2CI 2 -- CH 2 (b) + C12. (6) I

The wavelength threshold for this process is ex-
pected to be 130 nim, as calculated from the heat
of formation of 92.25 kcal/mol for CH 2 [9,101 . -

and the excess energy of 4.63 eV required for the
production of the CH 2(b-l) emission. This excess
energy is assumed to be equal to the excess energy 0
that produces the same emission from the excita- 160 I80 200

tion process of CH 4 -" CH 2 + H 2 [20]. The fluo- WAVELENGTH Inm)

rescence yield for the CH 2(b -- 1) emission is, Fi. 7. Photoabsorption (- ) and relative fluorescence
however, expected to be quite small because the ( -- ) cross sections of CH 3C1. The monochromator resolutions

were 0.04 run for the absorption and 0.7 nm for the fluores-
fluorescence yield for CH 3CI is very small as cence. The upper limit for the fluorescence cross section is

discussed below. estimated to be 10-2cml.
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-\BSTRACT

N. molecules were excited by ArF ( 193 nm) laser photons and then dissociatvely ionized
by electron impact. The laser-enhanced N i ion intensity is linearly dependent on laser power.
N. pressure and electron beam current. The enhanced ion signal is attributed to the
electron-impact jonizauon of laser excited N:" in the .4 1E state. T)e excitation function for
the producuon of N - ions by eltctron impact on.N,* ,-As weastzdat i7-;Z e%,

INTRODUCTION

Excited N.* molecules are quite abundant in N, discharge media and they
have a substantial effect on discharge characteristics 11-51. Electron excita-
tion function of N,* is thus of interest for the understanding of discharge
phenomena. However. very little data are available for the excited states. 'n
contrast to the ground state which has been extensively studied [6-14]. The
electron-impact ionization of N2* (A) has been investigated once by
Armentrout et al. (15] using a charge transfer neutralization beam of N-

with NO. The study of excited states is difficult because the excited species
is chemically active and its concentration is usually lirruted to a small
quantity.

In this experiment, the excited N e* species were produced by ArF (193
nm) laser irradiation. The excited species are presumably in the ,4-7'
metastable state of which the lifetime is about 1 s [16]. The photo-absorption
spectrum of the N.( A - X) system has been investigated by Shemanskv
[17]. The photo-absorption cross-section of N, at 193 nm is expected to be
small: however, the excimer laser intensity was so strong that a reasonable

)168-11-6 / 89/S03.50 1989 Elsevier Science Publishers B.V
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amount of excited species could be prepared for the experiment. The
probability for excitation of N2 into the A3F-, state could be of the order of
10- at a typical laser power density of 40 mJ cm - 2 and an assumed average
photo-absorption cross-section of 10-2' cm:. The excitaution function for the
production of N ' from electron-impact ionization of excited N* is reported
in this paper.

EXPERIMENTAL

Apparatus

A schematic diagram of the experimental apparatus is given it, Fig. L. The
apparatus consists of an electron beam, a molecular beam nozzle, an excimer
laser (Lumonics-510) and a quadrupole mass spectromeer (181. The vacuum
chamber was pumped by a turbomolecular pump (Balzer TSU-1500). The
background vacuum pressure was about 5 x 10' mbar. The electron gun
and ion extraction system were similar to the design reported in a previous
paper [19]. Electrons were produced by a hot filament and confined by a
solenoid magnetic field. Ions, after mass selection by the quadrupole mass
spectrometer, were detected by a channeltron. The output pulses from the
channeltron were amplified and counted by a 200-MHz photon counter
system (Stanford Research System SR400). The fast photon counter was
controlled by a microcomputer, which was also used to accumulate and to
analyze the data. The counter gates, the excime laser and the electron beam
pulses were trnggered by a pulse generator thai provided double pulses with
varied delay times.

SIt ei

, 1 _ q~e om puter

o rOr oIecuIor
i. Sma g hVcuum

Fig. 1. Schematic diagram of the experimental set-up.



269

The gas was introduced into the vacuum chamber through an adjustable
leak valve. The pressure between the leak valve and the vacuum chamber
was measured by a capacitance manometer. The pressure in the vacuum
chamber was monitored by a cold cathode gauge installed about 50 cm from
the electron-gas interaction region. The gas pressure typically used in the
experiment was in the 10- mbar range as measured by the cold cathode
gauge. The gas pressure in the interaction region of laser and electron beams
was measured to be about two orders of magnitude higher than the back-
ground pressure. The N2 gas purity was better than 99.99%.

The laser beam diameter was reduced by an iris aperture of 0.32 cm.
MgF, windows were placed on the vacuum chamber for laser transmission.
The laser power was monitored by a power meter (Scientech). Laser power
attenuation was accomplished by placing quartz and sapphire plates in the
laser beam path. The whole system was tested with inert gases. The electron
excitation functions of inert gases (Ne. Ar and Kr) are in good agreement
with published data over the energy range 5-300 eV (201. The electron beam
energy, E, was calibrated by ionization thresholds of inert gases. The
energy resolution was about 0.5 eV.

Data acquisition procedure

The time sequences for laser pulse, double electron beam pulses and
counter gates are depicted in Fig. 2. The laser pulse (10-ns duration) served
as the time reference (t = 0). The double electron beam pulses had a delay
time. ted, from the laser pulse and a seaon time, i,, between the pulses.
Each pulse had a duratiou time, t

e. that was variable. A two channel counter
was used with a duration of t, for each gate. The delay time, t d, and the

LASER

Te Te

E-BEAM

Ted Tes

Tc Tc

a] COUNTER
r-Tcd - Tcs

TIME
Fig. 2. Time sequence for laser pulse, electron beam pulses and counter gates. Typically.
I'd - 2 AS, I, - 100 AS, I,, - I ms. td - 2 0 Ms, t, - 200 As and t,, - 960 As.
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Fig. 3. N" ion1 ntensity as a function of the delay time of the counter gate. ia) Srgnai

accumulated by channel A that includes signals from both N, and N.. )b) signal accu-

mulated by channel B that is only due to N,, The electron energy was 30 eV.

separation time. ts, of the counter gates could be set differently from the
electron beam pulses. 1,d was set slightly longer than ted, and tCs was nearly
equal to t,. Typically, td = 2 Ms, t =100 4S, t1l = 1 ms, cd = 20 Ps'
tc = 200 ps and t., = 960 is.

The N ions produced by electron excitation of N 2 wcm observed.
Channel A of the counter collected the N' ion signals produced by
electron-impact ionization of both N2 and N,'. For channel B. the meta-
stable N2* had already moved out of the collision region so this channel
collected only the ion signal from N2. Channel B is typically set about 1 ms
later than channel A so that the laser-enhanced signal does not appear in
channel B (see Fig. 3 for further discussion). The difference between the ion
intensities measured by the A and B channels represents the difference of
the dissociative electron-impact ionization cross-sections of N2* and N,. The
present procedure has the advantage that the data are taken in a short time
after each laser pulse so that the laser-enhanced signals are not seriously
affected by the fluctuations of gas pressure, electron beam current and
detection efficiency, which may change in a long time scale. The signals were
observed at varied delay times, laser powers, gas pressures, electron beam
currents and electron energies.

RESULTS AND DISCUSSION

The laser-enhanced N ion signals were observed as a function of the
counter delay time (td) as shown in Fig. 3, where the signals of channel A
are shown in (a), and those of channel B in (b). The laser was operated at 30
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Fie. 4 N ,on intensity from channel A as a function of electron beam delay time. The
electron energy is 22.0 eV.

Hz with an energy flux of 28 mJ cm-2 for each pulse. Each point of the
signals was accumulated by 1500 laser pulses. The N. pressure measured by
the cold cathode gauge was 1.2 x I0-7 mbar. The average electron beam
current was 60 rA with an electron energy of 30.0 eV. The electron beam
pulses were set at i, = 100 ls. td = 2 ps and t,, = I ms The counter gates
were set at u.= 10 Vs and i_=l Ims. and tcd was scanned with a 10-.s
increment.

As shown in Fig. 3, the signals start to appear at tcd = 20 A.s. This delay
time represents the tis;-,e of flight of the N ions over the distance (about 43
cm) between the electron beam and the ion detector. The ion signals of A
decrease to a constant level of B at about 200 As. The channel A has a total
of 1570 counts more than that of B. namely, about one ion count for each
laser pulse. This signal level is expected if the average photo-absorption
cross-section is of the order of 10-2 4 cm2 . the N2 concentration in the
electron beam region is 1012 molecules cm - , and the dissociative ionization
cross-section of the excited state is of the order of 10-"i cm 2 . These
parameters are within reasonable ranges of expectation.

The lifetime of the excited species in the electron beam region was further
measured by scanning the electron beam delay time. The N' ion intensity as
a function of electron beam delay time (ted) is shown in Fig. 4. In this
measurement, only a single electron pulse was generated after each laser
pulse. The electron pulse duration was set at t, = 10 As and t was scanned
at a 1 0 -As increment. The counter gate of channel A was set at tcd = 20 As
and t, = 800 As. The N2 pressure was 2.7 x 10-7 mbar. The laser energy
flux was 30 mJ cm -. The electron beam current was 20 nA with an electron
energy of 22.0 eV. The ion signals decrease to a constant level at about 200
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lis; this time duration is consistent with the data of Fig. 3. The constant
background signal was contributed mainly from the mulitphoton ionization
of N,.

Data of both Figs. 3 and 4 show that the excited species existing in the
electron beam region are quite long, indicating that the excited species are in
metastable states. There are only two excited species. N,* ( A. v = 1) and N,*
(X. v =26), that can be produced by the laser (193 nm) excitation. The
photo-excitation of N,(X) to N.*(A) has been observed [17] but the
vibrational excitation is not observed, suggesting that N*(A) is produced
more favorably than N,*(X). Thus, the excited species is mosily in the
N ( A) state, although the possibility for the highly vibrationally excited
N2*(,A) is not ruled out. The radiative lifetime of N.*(A) is about I s [161.
The quenching rate constant of N.*(A) by N, is about 10-12 cm 3 s - [211:
thus. the quenching rate is about 0.2 s-' for a N, pressure of 10- 5 mbar.
The loss of N*(A) by radiation and quenching is much smaller than the
diffusion loss. The observed lifetime represents the residence time of ,he
excited species in the electron beam region. The molecular beam after the
nozzle is estimated to have a flow velocity in the order of 10-104 cm s- .
The time for the excited species spent in the electron beam region is thus
expected to be of the order of hundred microseconds as observed-

The electron energy of 22 V for producing the laser-enhanced N' ion
signals shown in Fig. 4 is below the dissociative ionizaton ihreshold of N. of
24.3 eV [16]. Therefore, the observed ions are clearly not produced by
electron-impact ionization of N, in the ground state, but in the excited state.
The laser-enhanced N ion intensity. n', is expected to be

n- = kn "I, (1l)

= k'nlaGI1 (2)

where k and k' are proportional constants, n* is the density of excited
species, n is the N2 gas density, I is the laser photons per cm' per pulse. 0
is the cross-section for the production of the excited state by the laser
excitation, and 1, is the electron beam current.

The relationship of Eq. 2 is checked by measuring the laser-enhanced ion
intensities at varied laser fluxes, gas pressures and electron beam currents.
The laser power dependence of the laser-enhanced ion signal is shown in
Fig. 5a. The data were taken at an average electron beam current of 196 nA.
electron pulse duration of 100 gs, electron energy of 22.1 eV and N: gas
pressure of 1.0 x 10 -" mbar. The linear dependence of the laser-enhanced
ion intensity on laser flux checks well with Eq. 2.

The dependence of the laser-enhanced ion intensity on the gas pressure is
shown in Fig. 5b. The data were taken at an average electron beam current
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of 323 nA, electron energy of 22.1 eV and laser flux of 20 mJ cm -2 . The
laser-enhanced ion intensity is linearly dependent on the gas pressure. This
result again agrees with the expectation of Eq. 2.

The laser enhanced ion intensity was measured as a function of electron
beam current as shown in Fig. 5c. The data were taken at an electron energy
of 22.0 eV, gas pressure of 1.0 X 10-7 mbar and laser flux of 32 mJ cm-2.
The dependence is linear up to an electron beam current of 400 nA. This
result is again consistent with Eq. 2.

The above experimental results conclusively support that the laser-en-
hanced N' ion signal is produced by dissociative electron-impact ionization
of excited N2*, which is most likely in the A3E, state. It is of interest to
measure the electron excitation function of this excited species, because the
data are not yet known and they are needed for many applications. The
electron-impact ionization functions for N2 in the excited and the ground
states are shown in Fig. 6. The data were taken at a constant electron beam
current of 217 nA. N2 gas pressure of 7.6 x 10-8 mbar and laser flux of 40
mJ cm- 2 each pulse. Fig. 6a is the data taken by channel A that collects the
ion signals from both N2 and N,*, Fig. 6b is the data of channel B that
collects ion signal only from N2, and Fig. 6c is the difference of A and B
that represents the ion signal from N,*.
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The N ions shown in Fig. 6b appear at about 24 eV. which agrees with
the threshold energy (24.3 eV) for the dissociative ionization of N, in the
ground state within the electron energy resolution of 0.5 eV. The laser-
enhanced N' ion intensities appear at a threshold of about 17 eV. as shown
in Figs. 6a and 6c. The signals shown at an electron energy below 17 eV are
too small to be statistically significant. The difference between the observed
thresholds of N, and N*' is about equal to the laser photon energy (6.4 eV)
within an experimental uncertainty of 0.7 eV. The threshold of N # is not
precisely determined, because the laser-enhanced signal is quite weak and
the electron energy resolution is broad. Nevertheless, the observed energy
thresholds do support the assertion that the laser-enhanced ion signal is
produced by the excited species. The excitation function can be normalized
to absolute cross-section once the value at a certain electron energy is
determined.

As shown in Fig. 6c, the electron excitation function increases slowly with
electron energies smaller than 25 eV and then increases rapidly with the
higher energy, indicating that the N* ions are produced by two different
processes. The slow increase channel at low electron energies may be due to
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excitation to the N:(c-7',( c > 3) state which predissociates into N - N
[22.23]. The cross-section for this process will be leveled-off at high energy.
The fast increase of the excitation function is likely to be due to direct
dissociative ionization channels that are available at high energy. However.
the fast increase may be partly due to the high statistical uncertainty in the
iugh electron energy region.

CONCLUDING REMARKS

N. was excited by ArF laser photons and then impacted by electrons.
Laser-enhanced N- ion signals start to appear at an electron energy lower
than the dissociative ionization threshold energy of N, by an amount about
equal to the laser photon energy. The laser-enhanced signals are due to
dissociative ionization of excited N,* in the A3Y', state by electron impact.
The laser-enhanced N- ion signals depend linearly on laser flux. gas
pressure and electron beam current. The excitation function for the produc-
tion of N from electron impact ionization of N." is measured in the energy
range 17-32 eV.
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Low-energy e(ectroe ttahtntff to BCl3
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The rate co~o(low-energy electron attachment to BCI, diluted in N. are measurec_ as a
function of E7NVat 1-I1 Td, corresponding to mean electron energies at 0.4- 1.0 eV Tr..
negative ions produced by hollow-cathode discharges of either pure 130, or mixtures 0o: 130
in N. are mass analyzed to identify the products of electron attachment to BCl,. Onis C -ion
is found in thle discharge media. although BCl!I is observed at the applied 'volage signi..:,:I It
los er t ha n t he brea kdo %% n vol tag2e. The e lect ron at tach me nt processes o f BCI1 a re d ic: -. -s.d

1. INTRODUCTION tions: the first section I 5 in. o d that i, pu~mPcd l'\ a :TI-

Elec:tron attachment to elect ronevat i% e gases deter- caia upi o icaa.h eodsco i

mines the elect ron k inetics in gas discharges: by. reducing the od.) that is pumped b% a diitusico2 pump Varian. \IIS-oi is

number aind chating the energy distribution function of o ifrnilpmit ndt2:idscin4i

electronis that sustain discharges:: by affiecting the spatial pumped b,. a turboinolecular pump (Varian Turbo V-450.

distibhution of electric field and inducing double layers un- isfrtehungoaquduicmsaalzrEte.

der certain coitditioits .and by being a major sourc:e of ridi-Thaprtuoeaedit~ mds.Imdente
calsthruchdisocttixeattchmitt BC~ isa gs o grat rsi and the second chamber,, werc isolated. and the dis-

importance for plasma ichnologies in microelectronics fab- charg chm- -a fildt ea 'e ihpesurie in00
ricatioli. especii0l\ for ctchina of aluminum.') Therefore. W)iOTorr). This experiment. is sirt.,,;ar to the one Jecibdi

kintic :ndisharesof 3C1anditsmiturs wre tuded our pre% ious papers. An excirler laser ( Lunionics) mas
used to produce pulsed-electron \\s arms by, irr:idiation of the

emtensi\ el Ho\s e' e. apart from some indirect esi ahd.Cnuto urn nue .eetosm~n
dence. the ident\ of neg~tti\c ions. in Rd1, discharges were ctoe odcincretidcdb lcrn oil

not established. The swarm or beam data fo6relectron attach- bise lcrdssa esrdb h otg rpars

ment to BCI, are only fragmentary. Stockdale et a/." mea- a resistor of I kil. The transieti \oltagze swaxeforms ktere

siired the thermal election attachment rate constants of' recorded by a digital oscilloscope (Tektronix 2430) and

2.7 '. 10 'cm /, b a &1ift-dswell-drift technique. and ob- stored in a computer. In mode tw\o, the first and second

er,,ed the excitation function of dissociative electron attach- chambers were connected throu,-h a skimmer hole ofO -nm
d. In order to keep the pre 'Ure in the masanai\ zcr

ment b\ a beam experiment that sho\% s a peak at 1. 1 eV. On chmesu'cenl o 0 Trn h icae
the other hanid. Bachel'nikova' measured the cross section chmecolonybfiedt TrrTese-otiedc

for he ameproess'~ th a abolue pak alu of discharge was formed ' tween t\\ o hollo%% electrodes of 1 cm
2 S - 10 cm: at 0 4 eV. The magnitude of the electron ond. (Parallel plate L .metr\ \%,i,, also(- used for sonic test
Attachment rate could be indirectly estimated from the mod- mesren.)Tepaeb1\cth olcrd-,%N
elitic oft'he discharedata of Ar-BCI, mixtures.

It is es ident that the availabilit\ of the data for BCI, is
:n~ersel% proportional to ils importance. The reason for the
;.ick of data is, that BCI is highlv reactive and consequentl\ c ~ase,
difficult to handle for accurate measurements. In this paper Quadrupole 0-s I~ s3

we present the electron attachment rate constants for BCI Ms

diluted in N:.. We also present the results for mass spectro- Setoee
Electronics Socrmee

met ric itudies of discharges of BCL, in N. .The negative ions ____

,)hser'ed in discharge media provide useful information for I _____ -H V

thle understanding of electron attachment processes of BC! ____

1I. EXPERIMENT
An apparatus pre\ iousl,, used iii ouar laboratory for elec- eac.

troln attachment rate meausurements' was significaitl\ Prufmlear

''i.Ifior this esperimnint The modified apparatus

1 i -1 1,eiL', )l ooi w s ' FK( I ScheniluL dialr.lM 0! ihe :rmmiik1 iI rr.lr w,



adjustable. Both positixe and negati' e loll, produced in dis- 1-
c:liarzaes %%ere sampled and mass analyzed

For the measurement of electron attachment rates. gas
mixtures of BCI in N. were prepared in a separate stainless- a
'teel container. The container was filled first with BCI,. and
,titter thle :ontainer wvalls were saturated it was then filled Q
k%:th (the buffer gas N, The volume of the connection tubing 10 a£ £

\\,is considerably smaller than the ' oluine ot the mixing con- ~ -
tainer The initial pressure ot the gas mixture was 1500 Torr.
anld a tnne ot' 20 h \%as allowed f'or the mixing. (Mixtures
%%ere mriied in, periods betwkeen lb and 64 h and no differ- < 70
cices \\cir ohser~ ed ) Comimerctil 2.1, mixtures \\ere not 8 '2

axed% because the mranufacturers, refused to guarantee the EN(rTj

c:omposimt i ot*their mixtures.
Measurements %%ere carried out inI a rlow, ,,stemn of 540 1* [2Etoii itt ihmeii raic :oni,im oi BC[ ii ~ t.i

sc~ m for :00 Torr At the beginning ot the experiment. the /-, \ t'rescni ;a.i ire A11" ' .ni '11.nd ire :onni,:L icJ ii,' '

putre b-uffer vais \%,as allo\wed TO 90\\~. anid the s oltage Nxa~ e- tr ;ii, c Tti, 1ui .muic rnim i hc :ro-"'ce: ... . .I .lii~x

!:Orms Induced hr laser irradiation of' The cathode were re- o k 'Rt ')I 1t11"f .x .11.1 xr&rrr.

c:orded 'ckc Ref. I I for thle more detailcd description of the
c.\perimetiral procedure). The BC) III N. mixture was then
added to the flow% Trpically. 2-15 seecm of mixture was add- positilonl. < I10%. We ha% e %ei.t tie (),evat~i uncenatnt'. it) tc
cd that was measured and controlled b a MIKS flow con- higher than the estimated \alue. because of 1hc difficuit\
troller Sufficient time was normally allowed to saturate the inern inhnln9h 31gs
\kalls oft the tubing and thle chamber before the measure- The strong dependence of the attachmeiit rate constant
menits commenced. Following this procedure. mixtures on E /.\suggaests i hat thle ttach inent he a three-hod,% pr-oc.ess
could tie made with the abundance of BCI between 0. 1 '-c wkith a peak Lit low enere% As determined b.% chermochenii-
aiid 0% Thle experimental results were reproducible if this cal data" arid the electron amfnit% of Cl. the threshold ior
procedure was follox\ ed carefull\. The reproducibility of the thdiscave tahmnpresof -CI C.
IICI, gas density wkas the maj- or -source of uncertainq. For - Cl- is about 1.0 eV. This threshold is abo'.e the electron
the mass analysi s of the negative ions. .both pure BCI, and enryage tdeinhsexrmn.Teefe.BlsRa enxtrry rafg abuoue in17 this1 exermet Theefre BCre isd o~as ixtresof bout0.5 BC inN: wre s~ ir ~s- the only ion possibly produced at low-enerev electron .mt-

chre.The ion density was measured as a function of dis- tamecBi, asnfctheeinhelwpsue
cliaree current arid gas pressure. expement \ 0;A-s cr a bsred in the lest s-tr. hs resis crt:

TheDCIgaswassuplie byMateso wih astaed sistent with the conclusion of Gottscho arid Gaee who at -
purilr of'99.'4%7t minimum. The gas sample was analyzed by trbeBC asheomntnerie isosrednte
the mass spectrometer in this experimenit. Trace amounts of RFdshreopueCINerels.ureard -

Ii, arid BFEG wkere observed in the mass spectrum. but the R icag fpr C eetees u esic t
total impurity concentration was estimated to be smaller tachmient rate constants are riot significainr! ' depenident oin

than 0 Vgas pressures in 100-400 Torrn that is, the attachment Is likehan 0. 1a two-body process. Our observation is,. inI tact. consistent

III.RESLTSAND ISCSSIN with the earlier observation' that the thernial elect ron at -
Ill.RESUTS ND DSCUSIONtachment rate constant was riot dependent on the gas res,-

A. Electron attachment rate constants suresat 5-IS Torr. The itegatise ions III these measUremeCIn
At each E/N. the electron attachment rate constants were not mass analyzed. because the gas pressures were \er\

%%ere measured at several BCI, concentrations for the gas high.
mixtures of BCI, in N.. The data extrapolated to the zero We have also performed meaSL. ements for the BCI -Ar
BCl, abundance are shown in Fig. 2 for the E /,V in the range mixtures. Unfortunately, the results were not as reproduc-

,fI -IlI Td ( I Td = 10- " V cm-). corresponding to mean ible as the data for N.. The basic difficultN \%as that the
elect ron energy in the 0.4-1 eV range. Measurements at E /.V extrapolation to zero 1C0, abundances could not be east[%.
lower than I Td were difficult because of low signals and the performed because the measurements could not be extendedi
iieed to use morc diluted mixtures which caused poor repro- to sufficiently low abundances, because the influence of the
dticihili\ Nevertheles,. it is evident that the trend of in- attaching gas on the elect ronl drift velocit\ in Ar w as large ii

,:case towiards lo\ LI does riot continue below the data the most interesting range. Howe~er. the crutde experimefital
points, presented inI Fig. 2. The experimental uncertainty was results indicate that the attachment rate constants increasec
s tirmted ito be within 30(' of the e'eii value. The uneer- in the mean electron energy range of 1 5-2 5 eV

( i rsI) i cr'i~rniedistrihrigon. F /A' dvicriniiia- The electron attachment rate constants con\ erted !roni
1 J I~i~ eI 0,0licii~n . '(iw. fIll dv- Ire cross sct:Iions ol'Butuehiciiko\s a"'are, show% n tii Fig 2 for

terni iiir.i. I. (31 statistical tluct uaitins of, the comparison. The calculation metho)d\was descied tin a rr-
measured rate%, < 5%7*-7%._ extrapolation to zero abun- Nious paper by Petro~ic aiid co-vkorker%. 'Our reslts( agr1ee
dance. < 5r%10%,~c and (4) uncertainty in gas mixture com- with the calculated values inl the order of niagiiirude. but Tile



E /. dependence is different. The agreement is oiil acciden- 40
tal because the attachment mechan ism is quite different: that
is. these results cannot be regarded as in agreement. How- (a)
e'er. our measurements at lo%% E/N agree s%ith the thermal
electron attachment rate constant measured by Stoekdalecie
al!. as shox% n in Fig. 2.

The measured attachment rate constants are too large to
he affected b% thle possible impurities. such as Cl.. The impu.
rit> le el of Cl. %kas determined to be less than 0. 1%- that %%ill
contribute to thle electron attachment rate constant at most 0 50 100

2 10 'cmi s. i considering that the maximum rate con- Mass Numoer
stant of Cl. ;, onIl 2 10 m ;n',s at 0~ 00 V."4 The other

U
possible inuilt> IFCl_ nwa ha\e celectrotn at tahmcm C,
rate c:onstant iniiiar ito 13Cl so that the small intpurti Ie'.el 40-

does not cause a sienitkcant effect. Sonme molecule-s such as W ()
SF_ and CC! could causc a similar attachmctnt coefficient if C
the% presetnt on I'-. lesel. VWe hase carefull\ scanned the
mass-, srectruml up ito thle mass nunmber of IOK). but suchi im- C

Vicsl %%ere tot detected.

B. Negative ions in discharges of BC13  2 4i

The negzitise ions produced b\ discharges were ob- Current (mA)
ser\ ed for tproduct anal> sis of electron attachment to
13CI litil P udies ofntegati\e i oils presented iii discharges-
%%cre carried out ii a parallel plane geometry \w oh either
pure BCI or its mixture with N.. Later, most measurements )
\%crc performed \\ ith1 hollow\ -cat hode discharges using dilut- 40 -

ed rtINi.ureN 0 ;I- BCI; in N,; In all cases, onll> Cl ions

were foundjasshow n inl Fig. 3( a). In dc discharges. the mean/
efectroni enerng ma be too high to enable the production of
BCI.. in cotntrast to the bulk ofrf plasmas"~ where thermal

enr>electrons exist for the production' of BCI. . When v
tlie applied %oltaizc was lowkered belowv breAkdo%%n voltage 200 400 600

tor instance. 1 20 V) anid photoelectronts were produced by Pressure (mTorr)
irradiation of the cathode with ArF laser photons. 130,
itns \%etc ohscrx ed iii the gas mixture of trace BC1I in O.6b- u wn hr di hth*jitcd.,s c' t -

Torr N. - Tis obscr\ ation inictces that BC1, can be pro- Idni1~i' O1 rxl I Xdsiic'i~sfl~irs i

duced b\ attaIchment of1 lo\%-energ> electrons to BCI, and in\ N hIDepciideceo1ihw Ci niimsi nhcl1j~ ~rn
stUir\ i~et for a stifficienflk Iona time such that it can be detect- iilpesr f iT'rcItccidir .lIo l n 1Inc11iti I \ill

ed either b\ our mass anal\ zer or to affect the current vave- kea esu tjdiLrccirn 1i

tform. One should, how eve'r, keep in mind that for such con-
diitions the BCl, signal would be \ er\ small (as obser~ed b\
us that is about l10% of Cl1 ) because the mean electron current and gas pressure. and the maximum Cl ion intenst-
energy is so high that it favors the dissociative attachment. ty corresponds to the mean electron eners> in a discharge

The Cl ion intensity was measured as a function of the medium of about I eV. The phenomena could be described
discharge current and the pressure. The ion in tensity has a by the electron energy distribution function wkhich is. howk-
peak bet%%een 2 and 3 mA of discharge current as shown in ever, quite complicated for the hollow,-cathode discharges.
Fiz. 3t b). %%here the electrode space was fixed at 2 cm, the In general, there are two groups of electrons" in a discharge
Jds pressure w as 0.6 Torr. and the discharge current was medium: one group consists of the itnitial electrons that are
S dried by adjusting the applied voltage 1784 V at the maxt- accelerated in inhomogeneous but very high electric field
mumn Cl initensity ). For at ixed discharge current of 2 mA, and practically have a beamlike behia-sior.'' and t he second
thle ion intensity had a rather sharp maximum at 400 mTorr group consists of inelasiically scattered aitd secondarx\ ecc-
as shown in Fig. 3(c), where tile electron space was 2 cm. trolls which have low energies. Rchatiie magnitudes of tlie
Miid the applied voltage %wui 784 V. t\wo groups are stronglN dependent onl the discharge condi-

I lie ilhscrsc d Cl ions, are produced b\ thle electron tions. Monte Carlo simulations- > indica.te that ait thicsc
Ji~~~~ii~e iima tlict process ilimi hit- a sharp, peak ai I lie prcsures tie iiiial electrons, are Ilie doinait rotn p N\

citcrz of about I cV as obserxed b\ Stockdale er a!.' This sharp peak in thle pressure depentdence prohahl\ indicaites
hxic result implies that Ini our measuirements, the mean elec- the shape ofthe dissociat ise cross sectoi. .ihthough lh ie o-
tron enerces are vraried along wvith the changes of discharge respondence bet \keen the mean electron Vn100\ 1ii1d tlie/ E



alIue tor the as ailable energy for run -axway elect rons )in the The unpublished result,, of Olthoff- confirm the e.sis-
discharge could lie very nonlinear. Current dependence of tence of BCI, ions. This author has also obsersed that at-
he Ion Intensit y I,, less sharp: but since the current-voltage tachment for BCI, molecules peaks close to zero energy

dependence is not linear, It is not inconsistent %kiuth the pro- (both in the intensity 01 negatu'.e ion current and through the
posed picture. Howeser, the low ion signals at high currents broadening of the zero energy peak of the electron transmis-
may also be possibly due to the influence of space-charge sion spectrum , ). The level of impurities in his experiment is
force amiong electrons, and negative and positive ions in the uncertain. From some theoretical considerations and the
hulk of discharge. characteristics of his apparatus. the lifetime of the metaioa-

lii order to establish that negative ions are originated ble BCI ion %%as estimated to be bO ps %%hich is C:ofsisteilt

from the discharge. but not by electron impact on BCI, in with our data.
tile transition reion to the mass analyzer. we have per-
brined the following e.~periment." Excimer laser light %%as ACKNOWLEDGMENTS
used to irradiate thle region betwkeen the electrodes. As a con- This paper is based on the wkork 'uproried h% the
sequcuic. the negatiue ion sigznal %%as ,ignificantl% reduced. SD[O.. is r managed hr O\R under Grant No. NOl-'-t-
The delau> between the laser light pulse and the reduction of KO5.ai aty yteArFreO~c fSinii e
toe 10e1ti ) ion nal was of the order of tells of microse- erhudrGato.FORS-Q
c:onds. Tile effect depetids on the laser beam position
bet\%eco rt e elect rodes. (The detailed results will be pres ent - J W a iir E C B~eat% . I Dutroui. and L C ' ! ii''
ed in a Later publication.) The decrease of negati',e ions fol- Chem Rel' Daia 12. WQ i "N', L 6 hiixi'phiou. 4.!-' L- if

lowing laser irradiation demonstrates that the observed neg- iuar Radiation Phvqi. ;~ Wile\ ltiir1Lerk. t ndori. !Q-

arts% e ionls were produced Ii the discharge media, but not Iii R A Gtiicho. i'h . Rev A 36. ' 1S3 0x
K G Emeleus. min J Eleciron 61. >1 l P A C Brrc'in -i(, Isthe transition rep-ion. because the ion signal did not increase Eecs n .Eeto 2 2

hX thle laser photoclectrons. 'D L. Flamm and V M Donnieiv. Pta-.ma Ctwmr Pi~i'it' P-,'. I

191 . aiso. K. E Greenbheriz. G. A5 Heoner. and J F V eraec..:u rr

IV. CONCLUDING REMARKS Ph~s Lett 44. 29Ql 11984 p
R A Mt .rain. Pljwv ir chm ia i.Semxci cf~p'i .

The elect ron-attachment rate constants increase toward A\mvierdam. IL-5 -, F Sugano. I'd. -pui .. n , P.'i''i' P-

the low% E / A. indicating that the attachment iscdue to a three- I LS/ -1c linoogy, \%~e liue v rie \ci irk. -i

body process. T'his is consistent with the obsersations of R A Gotischo and C E Giaehe. IEFE T.ms P' i'rnj, 'Si PS-14

photodetachment thresholds that BCI, is the dominant G R Svheiier. R A Giiicho. T Inlratr. and 1) B Gcaites. J Arrt

neganu'e ion in rf discharges.' HowAeser. the measured at- l'hs 64. 43?w ( i~8ikh R A. 6i'n5vh0i G R Si.cr 1) i'.

tachment rate constant Is not significantly dependent on the Tliiae.IAi.r~66 i 
1
S

G R. 1wheiter. R. A Gkmtvill. D B Gra'e'. and T tnTr.ai'r J Vt-ri
buffer gas pressure. suggesting that the attachment is appar- Ph%%.64. 598 (19885. R. A Goqrxcho. G R Sciellcr. T Itracr iti~r j 1)
ently like a two-body process. This observation is in agree- B 0jra~es. J Vice Sci, Technol A 6. 11,01, ,
menit with a previous observation" that the thermal electron J A Siockdjle. D R NeIkon. F 3 ))avu.. mwd R \ Coniput. J ..

attachment rate constant is not dependent on total gas pres- Ph~s 56. 3331 (IQ'2)
IS Buchelinuiko' a. Sio\ Ph\, JETP 35. 10 I iso. L G (_ -i

sure. At high pressures it is possible that the mean time phroui and J A D SidWile. J Chiem I'll%, 48. irmI O's

hert\ ccii collisiuons is sufficiently shorter than the autode- L C Lee and F Li. I Appil It'l\ 56. Ira i4,V Cw c.iI

tachinient time: thus, practically every excited neeative ion is Lec. Appi. Ph~s 5'?. 43601 (100 / Li PoCro'sk \5 C \S .it.,
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pressures this might not be the case, and even more so in the M1cDonald. and .A N S',serud. J Ph\, Oiheti RL! Djmi.i 14Nur
low\ pressure region of the mass analyzer; for these cases, the and _' )9N'5

BCI lotls could be lost due to autodetachment. However. 'A Ch risiodoul ides and L. G Ciirisrhorit. H 1!, i 5'. I.

the BCI, ion was observed by attachment of low energy ,riniucdo ThIr 4.piiot. edVdol iCirspiim ~u
electrons to BCI, , although the BCt, signal was much 'D L Mv~orklc. A A Chrisw~iid .iie.nd L (i Oiriipri ijl i

- smaller than Cl "C t'.sA Lnersen.% G' GH(ihr~n\11 okn pi lk t5
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Appendix E

TRANSIENT SIGNALS INDUCED BY LASER IRRADIATION OF NEGATIVE IONS

IN HOLLOW ELECTRODE DISCHARGES OF Cl2 AND HCI IN N2

J. C. Han, Masako Suto and L. C. Lee
Molecular Engineering Laboratory

Department of Electrical & Computer Engineering
San Diego State University
San Diego, California 92182

and

Z. Lj. Petrovic
Institute of Physics

University of Belgrade
P.O. Box 57

11001 Belgrade. Yugoslavia

Abstract

A technique for sampling negative ions in hollow-cathode and hollow-

anode discharges of strongly electronegative gases is presented. The

negative ions were mass-analyzed to be Cl, Cl2  and Cl3  for the C12/N2

mixture and Cl for HCI/N 2 . The dependence of negative ion intensity on gas

pressure and discharge voltage was investigated. Photodetachment of nega-

tive ions was used to induce photoelectron transient signals that probe the

ion concentrations. The transient signal indicates that the negative ions

are original from the discharge, but not produced in the mass analyzer

region by high energy electrons. Time dependence of the negative ion signal

was measured by a quadrupole mass analyzer and used to study the kinetics of

charged particles responsible for the transport of the laser-induced per-

turbation. The observed negative ion transient signal could be a useful

means for studying the negative ion kinetics in plasma.
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I. Introduction

i negative ions and electrons in the kinetics of gaseous

discharges are not well understood, even though they are important in

determining discharge characteristics. Discharges of electronegative gases

are so often used in plasma technological applications2 (for example,

etching of electronics materials), because they can efficiently produce

desirable radicals. Substitution of electrons by negative ions can lead to

3 .4

reduced sheath fields . formation of double layers , and significant changes

in the spatial distribution of chemical species and consequently chemical

5,6reactions . Negative ions can be the primary agents in some desirable
7

effects such as etching , certain ion-molecule reactions, and modification

of the I-V characteristic, while they can cause non-desirable effects such

8as dust formation in the silane discharges The information of negative

ions in gaseous discharges could be useful for the gaseous dielectrics and

9,10switching applications There, photodetachuent can be used to trigger

1i
fast switching modes , while the energy dependence of the attachment

coefficient can be used to create or enhance the negative differential

conductivity necessary for the operation of fast opening diffuse discharge
9,12

switches

Photodetachment spectroscopy has been used 1 3 for the detection of

negative ions, but the results are difficult to interpret without mass

analysis. Sampling of negative ions from the discharges is almost impossi-

ble because of the sheath potential which is formed to contain much mobile

and energetic electrons (few eV) in the plasma, and consequently negative

ions with their mean energy of the order of 100 meV cannot escape from them.

In the studies of the negative ion composition of the ionosphere, special

techniques that include large surface sampling plates have been used14 . It

(010890) 2



has been recently applied 15 to study negative ion kinetics by pulsing

discharges, because electrons are dispersed much faster than the negative

ions in the afterglow so that the negative ion signal can be enhanced.

For an extraction of H ions from volume sources, magnetic field is applied

to separate the plasma into two parts: one having a large density of

electrons and the other dominated by negative ions that can be sampled
16

efficiently . Another technique is to operate the discharge under condi-

tions where negative ions are the dominant charge species, and consequently

1~7
the sheath fields are reduced. Sheehan and Rynn showed4 hat efficient

negative ion sources can be made by reducing the electron density to below

5% of the ions density.

In this paper we present our experimental studies of the negative ion

kinetics in hollow electrode discharges with and without perturbation by the

excimer laser. Attempts are made to develop technique which will provide a

useful means for determining both the identity and the spatial dependence of

the number density of negative ions.

II. Experimental
18

The apparatus has been described in a previous paper and is repeated-

ly shown in Fig. la. In brief, the apparatus is a stainless steel chamber

with three sections: the first section (5" OD) that is pumped by a mechan-

ical pump and a sorption pump is for the discharge, the second section (6"

OD) that is pumped by a diffusion pump (Varian, VHS-6) is for differential

pumping, and the third section (4" OD), pumped by a turbomolecular pump

(Varian Turbo V-450), is for the housing of a quadrupole mass analyzer

(Extrel).

Ions are sampled through a skimmer hole of 0.7 mm ID. In order to keep

the pressure in the mass analyzer chamber sufficiently low (< 10- Torr),

(010890) 3



the discharge chamber could only be filled to I Torr. The self-sustained DC

discharge was formed between two hollow electrodes of 1.25 cm OD as shown in

Fig. lb. The space between the two electrodes was adjustable but normally

kept at 16 mm. Both positive and negative ions produced in discharges were

sampled and mass analyzed.

In order to maintain the desired mixture composition, measurements were

carried out in a flow system (usually 21 sccms for the buffer gas). Mixture

was made by accurately controlling two flow meters, one for the buffer gas

(N2 ) and one for the attaching gas. Sufficient time was normally allowed to

saturate the walls of the tubing and the chamber before the measurements

commenced. The certified gas mixtures of 1.98% Cl2 in He and 4.72 HCI in He

were supplied by Matheson, and they were used without further purification.

In each measurement, the system was filled with the gas mixture to a desired

pressure, and the gas flow was maintained. Discharge was established

between the two electrodes. The negative ion count was recorded as a

function of gas pressure and applied voltage.

Excimer laser beam was later used to irradiate the discharge medium.

As the range of an optimum condition for the production of negative ions is

rather narrow, the applied voltage, pressure, and current were adjusted to

obtain the maximum signal in the laser irradiation experiment. The sizes of

the excimer laser beams were 20 mm x 6 mm and the laser powers were about

180 mJ/pulse for the KrF laser and 150 mj/pulse for the ArF laser. Before

entering the plasma region the laser beam was limited by a slit that could

vary to less than 1 mm, and the laser beam in the plasma region was expanded

to normally about 3 mm x 8 mm. The position of the laser beam could be

moved along the axis of the discharge. Time dependence of the negative ion

count was recorded following the laser pulse.
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III. Results and Discussion

A. Negative Ions in Discharges

a. C12/N 2 Mixture

We first present the results for the dependence of the negative ion

signals on the Cl2 pressure and the applied voltage. 'hen a C12/N2 mixture

(usually 2-4 mTorr C1 in about 500 mTorr N2 ) was discharged, negative ions1 ~ 22

were observed for a narrow range of experimental parameters, for which the

mass spectrum is shown in Fig. 2a, where Cl C2 , and Cl3 were observed.

The Cl signal is much larger than those of the other two ions. The depend-

ency of the three negative ion signals on the applied voltage for a fixed

mixture of 2.8 mTorr Cl2 in 500 mTorr N 2 are shown in Fig. 3. while all the

three ions show similar voltage dependence, the C1 signal is always larger

than the other two ions. The dependence shows a narrow feature in the

470-500 V range and a broad feature in 500-580 V. The ion signal is very

sensitive to the Cl2 pressure, thus, the data shown in Fig. 3 are only an

example. The dependencies of the CC, Cl 2 and Cl3 ion signals on the gas

pressure are shown in Fig. 4. Each ion appears in only a narrow pressure

range. C1 and Cl 3 have a similar pressure dependence, but Cl2  is quite

different, indicating that they are produced by distinct processes.

b. HCl/N 2 Mixture

When HCl was used as an electronegative gas (somewhat larger percentage

than that of Cl2 was used), only CI" ion was detected as shown in Fig. 2b.

Voltage dependence shows only one peak as shown in Fig. 5a, and the pressure

dependence is also a single peak as shown in Fig. 5b. That is, the negative

ions, again, only occur in narrow ranges of voltage and pressure. The

general features of both Cl2 and HC are similar to those of BC 3 which were

18presented previously

(01098 ) 5



c. Discussion

The general features of the dependencies of the negative ion signals on

pressure and voltage are similar for all the three gas mixtures of C1 2 HC1

and BC13 in N2. The negative ions occur only in narrow ranges of experi-

mental parameters that were discussed by Petrovic er al.18 and Han er al.19

The reason for this phenomenon is that each negative ion is generally

produced only in a narrow electron energy range which occurs only in some

specific experimental conditions.

The observation that the negative ions can be sampled from discharges

requires a discussion. Normally this sampling is inhibited by the anode

sheath potential which is self adjusted to balance the losses of much more

20mobile electrons 2 . However, there are several factors which determine the

magnitude of the anode fall. Most importantly, when negative ion densities

are much larger than electron density or n /ne e/(- + )A+ ). where n

denotes the density and g mobility with appropriate subscripts +, -, and e

for positive ion, negative ion, and electron, then the electric field is

21determined by the characteristic energies of ions only In practice, this

condition does not have to be strictly satisfied in order to get appreciable

17negative ion flux to the anode . but the density of electrons should be

well below 5% of n . For chlorine containing plasmas this condition can be

expected 2 2 . The dependence of the anode fall on current and bulk potential

23is complicated even without the presence of negative ions . When the bulk

potential is high (which is a characteristic of the discharges with electro-

negative gases), the anode fall is reduced 23 while the mean energy of

negative ions may be increased.
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Sa~p a ngative ions may be facilitated by the geometry of the

anode and tlForasjbility that extraction field may enter the discharge

region near the sampling hole. All the above factors and the basic dis-

charge parameters (pressure, voltage and current) basically affect the

balance between the forces acting on ions due to electric filed and gas

24
flow The relationship is complicated, and in order to take into account

the possible geometric effects a two dimensional self-consistent model would

be required to describe the observations reported in this paper. Havirrg in
25

mind the present state of the theory of gas discharges such a model would

be costly, and its development would require time. but it is not beyond

reach. Nevertheless, the hollow anode geometry may help the sampling by

creation of a strongly inhomogeneous sheath field in the region where the

force field due to gas flow is maximum. Thus, the low energy ions can reach

the region where the gas flow will affect their motion before being subject-

ed to the repulsive force of the anode sheath. Though very difficult.

sampling of negative ions is therefore not impossible. In the next section

we will show that the negative ions collected by the mass analyzer were not

produced by the impact of molecules by energetical electrons in the vacuum

region behind the skimmer hole.

For a detailed understanding of the voltage and pressure dependency of

the negative ion signals, apart from the above mentioned factors one should

also take into account: (i) the voltage-current characteristics of the

hollow electrode discharge, (ii) the energy dependence of the dissociative

attachment cross section 26 convoluted with the energy distribution function

27for electrons which may have a non-equilibrium beam component2 , and (iii)

the kinetics of negative ion formation and loss28 . Such consideration is

beyond the scope of this paper.
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If the onset (or the maximum) of the negative ion peak is related to

the threshold of the attachment process, then the onset 26 '29 in C12 would be

lower than in HC1 This is not observed in the experiment (Figs. 3a and

5a). In fact. the discharge voltage corresponding to the maximum of the

signal is somewhat lower for HC than for Cl 2 Therefore, it appears that

in the C12 and HCI discharges the mean energies and the over all electron

kinetics are quite different.

Two peaks are observed in the negative ion signal versus voltage

dependence for C12 containing discharge (Fig. 3), and the relative magnitude

of the second peak is higher for the Cl3  ion than the other two ions. The

second peak is more probably resulted from the discharge caracteristics and

the balance of the sheath potential with the force due to gas dynamics

rather than an indication of the second peak in the dissociative attachment

cross section ' The formation kinetics of the Cl2 and C1 ions in a

drift tube was discussed in an earlier paper by Lee er l. 28  Although the

electron kinetics in the drift tube are quite different from those in

discharge plasma, the relative abundance of the C12 and Cl 3 ions compared

to C1 are similar in both cases. Cl is produced by dissociative electron

attachment to C1 and C13 is likely due to the recombination of C1 with

C1 but Cl 2 may be a result of three-body electron attachment to Cl2.

This proposed production mechanism explains that the pressure dependences of

C1 and C13- are similar, but they are different from C12 as shown in Fig. 4.

As expected, only the C1 ion is observed for the discharge of HCl/N 2.

The pressure and voltage dependencies of the ion signals are relatively

sharply peaked, probably representing the projection of the dissociative

attachment cross section into the characteristics of discharges. However, it

is also possible that the mean electron energy increases at high voltage due
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to input from the beam component of the hollow cathode part. Ionization then

becomes more efficient, and the percentage of electrons increases thus

reducing the efficiency of sampling at high voltage. (This is supported by

the fact that we observe a large current increase in the voltage range

covered by these measurements.) Therefore, the observed signal versus

pressure/voltage dependence, which basically represents the shape of the

dissociative attachment cross section convoluted by the electron energy

distribution function, may not have the same proportionality for different

attaching gases and discharge conditions.

B. Laser modulation of the negative ion signal

As described in the Experimental Section, KrF or ArF laser light was

used to irradiate the discharge volume between the hollow electrodes (Fig.

ib). The original motivation for such experiment was to give a proof that

the negative ions are not a result of electron excitation processes occurring

after the skimmer hole. The fact that there is a strong modulation of the

negative ion signal (up to 100%) by the laser light indicates that the

negative ions indeed originate from the discharge (though some of them may be

lost or converted in the mass analyzer region), but not produced after the

sampling hole. Our measurements in turn gave indication that the modulation

of the negative ion signal by laser pulse could be used as a diagnostic tool

to identify the ion species and to measure the negative ion density.

a. Laser-Induced Transient Signals: General Features

'When a discharge medium that contained a C12/N2 gas mixture was irradi-

ated by laser pulses, the Cl ion signal gave a transient waveform as shown

in Fig. 6a for ArF laser and Fig. 6b for KrF laser. Without the laser

irradiation, the signal was in a DC level as shown by the dashed lines in

Fig. 6. The general features for the transient signals are commonly observed
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for different experimental conditions (discharge current, applied voltage,

gas pressure, C12/N2 or HCI/N 2 mixture), although the amplitudes and the

shapes of the transient signals vary with experimental parameters. The

wavelength of the laser light also has a profound effect on the shape of the

pulse. When ArF (193 nm) laser was used, the features of the negative ion

transient signals were more pronounced than those for the KrF (248 nm) laser,

especially the depth of the third peak.

Each transient signal has three distinct features: The first peak

(denoted as I in Fig. 6a) occurs on a very short time scale (in the order of

the electron transit time) following the laser pulse. It is usually largest

in magnitude and always corresponds to a decrease of the negative ion signal.

The second peak (2) is an increase of the signal which lasts up to a few

hundred ps. The third peak (3) is greatly affected by the experimental

conditions, for which the amplitude is generally larger for the ArF laser

than the KrF laser.

The first peak cannot be explained as a depletLon of the negative ions

due to laser-induced photodetachment because it is too fast for the ionic

motion to take place. We believe that this feature is related to fast moving

electrons which were produced by photodetachment of negative ions. Those

electrons can affect the ion signal when they reach the orifice by two

possible mechanisms. One is the electron-induced collisional electron

detachment, and the other is by increasing the anode sheath potential because

of their high mobility. On their way to the anode the electrons get accele-

rated by the small electric field of the bulk and the high electric field of

the hollow anode region. These energetic electrons will produce additional

electrons by ionization. The secondary electrons and the initial low energy

electrons can attach to C12 or HC to form C1 that results the second peak.
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The produced negative ions drift along the field, and when the effect due to

photodetached electrons is dispersed, there is an increase of ion signal in

addition to the DC level that is normally detected. The fact that the second

peak has a sharp increase closer to the time of the laser pulse indicates

that the ionization by photodetached electrons is not homogeneous but occurs

more closely to the anode when electrons gained sufficient energy. Finally,

the third peak which occurs on the ion diffusion time scale represents the

arrival of the negative ion density depleted by laser photodetachment. Apart

from the peak value, the pulse duration gives an indication of time scale

that represents important information on electron reaction kinetics and ion

diffusion. A further study of this subject is of interest.

The shape of the transient signal is not affected by the possible

ringing of the electrical circuit, because the noise duration generated by

laser discharge system was only about 10 ns that is much shorter than the

transient pulse duration (few hundred /4s). The transient signal disappeared

when the laser light was blocked. The magnitude of the transient signal

depends on the laser intensity; thus, the signal is related to laser-plasma

interaction, but not due to electrical noise. It has been demonstrated that

the dynamics of the discharge current could be affected by the laser pulse,

and the laser-induced pulses are often used to obtain information on the
31

kinetics of gas discharges

b. Depdencies of Transient Signals on Laser Position and Power and

Discharge Voltage

The amplitudes of all three maxima increase linearly with laser power as

shown in Fig. 7. Such measurements were performed in a wide range of experi-

mental parameters, and in all cases the dependence on laser intensity was

linear. This proportionality gives correlation between the transient nega-
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tive ion sips. and the photodetached electrons. This linearity can be in

turn used tg omoe the density of negative ions.

The dependence of the increased Cl signal (the second peak) on the

laser position in the plasma region is shown in Fig. 8, where the distance is

measured from the cathode. For laser light close to the cathode, the effects

of laser irradiation are negligible. At the middle of the discharge region

there is a plateau, and then the effect suddenly increases when the laser

light closes to the anode. The halfwidths of the increase Cl- signals are

also plotted as a function of laser position. The halfwidth is not :ritical-

ly dependent on the position as the magnitude. The position dependence is

generally observed for a wide range of experimental conditions.

We have investigated the dependence of the amplitudes of the first two

pulses as a function of the applied voltage in the range of voltages where we

could get sufficiently good negative ion signal. The height of the first

pulse changes insignificantly, while the height of the second pulse rises

linearly with the voltage as shown in Fig. 9a. and the pulse duration drops

with the increase of the applied voltage as shown in Fig. 9b. One should

bear in mind that the current (at a fixed pressure) increases by a factor of

two in the covered voltage range. When laser irradiation is fixed at the

halfway between the electrodes and the chlorine abundance is changed, the

height and the width of the first peak are not significantly affected, but

the height of the second peak is reduced and the width increased with the

increasing abundance of the attaching gas.

c. Discussion

The height of the first peak of the transient signal can be related to

the density of negative ions at the point of laser irradiation. Either of

the two proposed mechanisms for the ion decrease would give the proportion-
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ality through it may not be linear. If electron-induced detachment causes

the reduction of the negative ion signal, its reduction magnitude can be

estimated from the probability that the flux of the detected negative ions

(I) will be reduced by detachment by 61:

AI N a (n I a AV)
. ed - PS PD

I AA AA

where AA is the cross-sectional area of the skimmer hole (-10 .2 cm ). N is
e

the total number of photoelectrons, a is the electron-induced detachment

cross section, I is the number of laser photons per pulse per cm
2 (1017

cm-2), a is the photodetachment cross section (10"17 cm ), AV is the

interaction volume of the laser and discharge (-0.2 cm 3). Assuming that a

-150"I c2 adttnis113 c13 -3
is 10 cm and that n is 10 cm cm , one obtains AI/I - 20%. This

value is in the range of experimental values.

If the decrease of negative ion signal is caused by an increase of the

anode sheath due to the presence of electrons, the effects are more difficult

to estimate and a full model should be developed. However, this mechanism

seems to be able to easier explain 100% depletion observed in some cases.

As for the features of other two peaks, the proposed mechanism appears

to be generally consistent with observations. The sudden increase of the

second peak in the vicinity of the anode (Fig. 8) could possibly be explained

by photoemission of electrons from the surface of the anode, but in the given

picture the laser light for the last point is well far way from the anode so

that the laser light may not irradiate on the anode. Also, the electrons

possibly produced by laser irradiation on the anode are outside the sampling

region so that the possible negative ions are not detected. We have deliber-

ately let the laser irradiate on the anode, no signals are detected. There-

fore, it is more probable that the increase is the result of the locally

(01060) 13



reduced mean electron energy resulting in an increased attachment, and/or

more negative ions near the anode that produce more photoelectrons.

IV. Concluding Remarks

The results in this paper prove possible to detect the negative ions

originating from glow discharges between hollow electrodes. The negative

ions present in the discharges of Cl2 or HCl in N2 are produced only in

narrow optimum ranges of gas pressures and discharge voltages. This is

caused by the reason that each negative ion is produced only in a narrow

18,26,29
range of electron energy1 , which occurs only in a specific experi-

mental condition.

In the second part of the paper we present the study of the transient

signals caused by laser-induced photodetachment of negative ions. Three

features are observed in the transient signals at the time scales of electron

transit, ion drift, and ion diffusion. The first peak is a result of either

electron-induced detachment or regeneration of the anode sheath by electron

pulse. The other two are results of increased electron attachment and

depletion of the negative ion density photodetached by the laser.

The technique presented in this paper could be used for determining the

negative ion density in gas discharges. In order to accomplish this goal,

further experimental studies and a detailed self-consistent theoretical

description are required. This study will be extended in the future.
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Figure Captious

Fig. 1. (a) Schematic diagram of the experimental apparatus. (b) Geo-

metrical dimensions of the electrodes and the laser beam.

Fig. 2. (a) Mass spectrum for negative ions the discharge of the CI2/N2

mixture. (b) same but for HCI attaching gas.

Fig. 3. Dependence of the observed negative ion signal on the discharge

voltage for (a) Cl, (b) Cl2  and (c) Cl3 ions. The gas pressures

were 2.8 mTorr Cl2 in 494 mTorr N2 .

Fig. 4. Dependence of the observed negative ion signal on the gas pressure

for (a) C1, (b) Cl3  and (c) Cl2  ions. The Cl2 pressure was

fixed at 2.8 mTorr, but N2 variel. The applied voltage was fixed

at 483 V. At 550 mTorr, the discharge current was about 3 mA.

Fig. 5. Dependence of the measured Cl signal from the discharge of the

HCI/N 2 mixture as a function of (a) applied voltage ((HCII - 11

mTorr and [N2] - 712 mTorr) and (b) gas pressure (V - 440 V; jHCI'

- 11 mTorr).

Fig. 6. The general shapes of the negative ion transient signals produced

from photodetachment of C" by (a) ArF and (b) KrF laser photons.

There are three distinct features: (i) a depletion on electron

transit time scale, (2) an increase on ion drift time scale, and

(3) a depletion on ion diffusion time scale. The applied voltage

was 580 V. For ArF laser, the gas pressures were 3.3 mTorr Cl2 in

717 mTorr N the gap between the electrodes was 1.8 cm, and the

discharge current was 3 mA. For KrF laser, the gas pressures were

3.3 mTorr CI2 in 817 mTorr N2, the gap between the electrodes was

1.4 mm, and the discharge current was 2 mA.
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Fig. 7. The dependence of the heights of the the three features in the

transient signals on the ArF laser power. The 1, 2, and 3 re-

present the three peaks as shown in Fig. 6a. The data were taken

under an experimental condition similar to those in Fig. 6a.

Fig. 8. The maximum value (circle) and the halfwidth (triangle) of the

second peak in the transient signal of Cl as a function of the ArF

laser irradiation position between the electrodes. The distance

was measured from the cathode. It is believed that there is a

proportionality between the signal and the negative ion density at

the point of laser irradiation. The experimental conditions were

essentially similar to those in Fig. 6 for the ArF laser.

Fig. 9. (a) Cl ion signals (second peak) increased by ArF laser irradia-

tion of discharge media of C12 in N2 as a function of the applied

discharge voltage. (b) The width of the increased Cl signal as a

function of the applied voltage. The experimental conditions were

same as those in Fig. 6 for the Arf laser, except for that the gas

pressure was 787 mTorr. The current increased from 2 to 4.3 mA

when the voltage changed from 559 to 600 V. The data were repeat-

edly taken at different times, for which the data taken in a short

period were plotted with a same symbol.
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